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Abstract. The phylogenetic relationship of a nonflagellated, Gram-negative, rod-shaped intracel- 
lular bacterial parasite (BEV) of the leafhopper Euscelidius variegatus to other bacteria within 
the class Proteobacteria was determined by sequence analysis of 16S rDNAs. The presence of 
specific signature nucleotides showed this bacterium to be a member of the y-3 subdivision of 
the Proteobacteria. Phylogenetic analysis based on maximum parsimony placed BEV within a 
clade in the Enterobacteriaceae, which includes a number of bacteria that are facultative 
symbiotes of insects and have a common ancestor with Proteus vulgaris. Within this clade, 
BEV is most closely related to a bacterium identified as the secondary endosymbiote of another 
homopteran, the pea aphid, Acyrthosiphon pisum. 

Many homopterous insects (e.g., aphids, scale in- 
sects, whiteflies, leafhoppers, etc.) have an intimate 
association with bacteria that are harbored intracel- 
lularly. Because of their physiological and biochemi- 
cal dependence on the host, these bacteria either 
grow poorly in culture or are unculturable outside of 
the host insect. In the past, the difficulty in growing 
these bacteria has prevented the determination of 
their taxanomic affiliation [3, 10, 24, 25]. This prob- 
lem can now be circumvented by using 16S rRNAs 
or their genes (16S rDNAs) as a basis for estimating 
the phylogenetic affiliation of bacteria [27]. Re- 
cently, the phylogenetic positions of endosymbiotic 
bacteria of a number of homopterans in the suborder 
Sternorrlhyncha have been determined with this ap- 
proach (aphids [1511, mealybugs [16], and whiteflies 
[5]). To date, none of the intracellular bacteria asso- 
ciated with insects in the other suborder of the Ho- 
moptera, Auchenorrhyncha (leafhoppers, planthop- 
pers, etc.) has been identified [10, 24]. 

A Gram-negative, rod-shaped bacterium was re- 
cently found to infect various internal organs of 
adults and nymphs and eggs o fa  leafhopper, Eusceli- 
dius variegatus. This leafhopper is commonly found 
on a wide variety of'plants throughout Europe, Asia, 
and North America [9]. This bacterium, given the 

trivial designation of BEV, was found in all individu- 
als examined in colonies ofE.  variegatus in France, 
but was not present in individuals from laboratory 
colonies in California. Uninfected females of 
E. variegatus inoculated with cultures of BEV 
transmitted the bacteria to their progeny. The in- 
fected offspring had significantly reduced longevity 
and fecundity and required a longer period for 
nymphal development. However,  BEV was highly 
pathogenic when injected into other species of leaf- 
hoppers. On the basis of these observations, BEV 
has been regarded as a facultative bacterial parasite 
of E. variegatus [18, 19]. 

Euscelidius variegatus is a vector of many plant 
pathogenic mollicutes including Spiroplasma citri 
[13], and etiological agents of clover phyllody [8], 
aster yellows [22], and X-disease [11]. Current inter- 
est in BEV results from the observation that individ- 
uals of E. variegatus infected with BEV show a 
significantly reduced ability to transmit several plant 
pathogens. BEV is also a lethal pathogen to several 
other species of leafhoppers. Attempts to determine 
the definitive taxonomic identity of BEV by use of 
morphological and physiological characteristics 
have been unsuccessful [19]. In this report, we pre- 
sent the phylogenetic position of BEV within the 
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Proteobacteria on  the basis o f  molecular  phyloge-  
netic analysis  o f  16S r D N A s .  

Materials and Methods 

Bacteria were isolated from a colony of E. variegatus that had 
been infected years earlier by injection of nymphs with a suspen- 
sion of BEV [ 19]. The medium used for isolation was Difco purple 
broth with 1.5-2.0% agar, acidified to pH 6.3 with 0.1 N HC1. 
Lawns of cultured stocks were prepared on purple agar plates 
covered with aluminum foil and incubated at 37~ overnight. The 
procedures used for determining morphology, physiology, and 
biochemical characteristics were described previously [19]. 

Procedures for isolation, amplification by polymerase chain 
reaction (PCR), and phylogenetic analysis of 16S rDNAs were 
similar to those previously described [4]. The following is a sum- 
mary of these procedures. Genomic DNA was isolated from bac- 
teria harvested from plates according to the methods of Sambrook 
et al. [21]. PCR [20] was used to selectively amplify double- 
stranded 16S rDNA for 30 cycles according to procedures out- 
lined in the GeneAmp | kit (Perkin Elmer/Cetus, Norwalk, Con- 
necticut). The PCR primers were: forward 5'-CAT GGC TCA 
GAT TGA ACG CGT GCG-3', and reverse 5'-CCC CTA CGG 
TTA CCT TGT TAC GAC-3' (positions 18-41 and 1494-1517 of 
the E. coli numbering system, respectively, [1]). Cloning of the 
amplified 16S rDNA was performed with the TA Cloning TM vet. 
1.0 kit (Invitrogen, San Diego, California). Both strands of 16S 
rDNA clones were sequenced with the Sequenase | ver. 2.0 DNA 
sequencing kit (US Biochemical, Cleveland, Ohio). 

Preliminary analysis of the sequence similarity of BEV 16S 
rDNA to other eubacterial 16S rDNAs was performed by a ktup 
algorithm search [12] of 16S rDNA sequences deposited with 
GenBank | (Release 71.0, March 15, 1992) with the GeneWorks 
ver 2.0 computer program (Intelligenetics, Mountainview, Cali- 
fornia). The phylogenetic affiliation of BEV was determined by 
parsimony analysis of 16S rDNA sequences using PAUP [23]. 
Candidate taxa used for parsimony analysis included bacteria 
which showed similarity to BEV, as indicated by the database 
search, and other bacteria known to have an intracellular associa- 
tion with arthropods. All these bacteria were in the y-3 subdivi- 
sion of the Proteobacteria. Sequences were aligned according to 
conserved regions of sequence and secondary structure [17]. The 
tree was rooted with Wolbachia persica, a tick-borne bacterium 
more closely affiliated with bacteria in the y-2 than the,/-3 subdivi- 
sion [5, 26]. Transitions and transversions were weighted equally, 
gaps were scored as missing data, and uninformative sites were 
ignored. The data matrix consisted of 300 informative characters 
and 12 taxa. The parsimony analysis was performed by use of the 
"bootstrapping" option to obtain a 50% majority-rule consensus 
tree after 100 replications. 

Results  and Discuss ion  

PCR amplification, cloning, and sequencing. Ampli-  
fication o f  16S r D N A  of  B E V  yielded a singular band  
o f  approx ima te ly  1500 bp. Three  clones with the full 
16S r D N A  insert  were  ob ta ined  (pBEV-2,  4, and 9). 
All three c lones  yielded identical  f ragment  pat terns  
with respec t  to digest ion with ei ther  EcoRI, AluI or 
HphI endonuc leases .  The  16S r D N A  of  B E V  had a 
GC compos i t ion  o f  54% and possessed  part icular  

s ignature sequences  represen ta t ive  o f  the ,/-3 subdi- 
vision [28]. The  sequence  is p re sen ted  in Fig. 1 and 
is also depos i ted  with E M B L  as access ion  n u m b e r  
Z14096 B E V 1 6 S R R N .  

Phylogenetic analysis of BEV 16S rDNA. The  phylo-  
genet ic  analysis  o f  16S r D N A s  p laced  B E V  in a 
monophy le t i c  clade which  inc luded a n u m b e r  o f  bac-  
teria in the Enterobacteriaceae (Fig. 2). The  forma-  
t ion o f  this c lade was  r ep resen ted  by  a relat ively 
high boots t rap  conf idence  index of  95. This clade 
included a n u m b e r  o f  o ther  bac te r ia  cons ide red  to 
be symbio tes  o f  insects.  These  symbio t i c  bac te r ia  
included the " son -k i l l e r " ,  Arsenophonus nasoniae, 
which  prevents  deve lopmen t  o f  unfert i l ized eggs 
(male offspring) in a parasi t ic  w a s p  [7]; the bacter ia l  
symbiotes  o f  r h y n c h o p h o r i n e  weevi ls  in the genus  
Sitophilus [4], and the s e c o n d a r y  symbio te  o f  the 
pea  aphid,  Acyrthosiphon pisum [25]. This clade o f  
insect  bacter ial  symbio tes  also inc luded the well- 
k n o w n  enteric,  Proteus vulgaris. Escherichia coli 
was placed in a b r anch  outs ide  o f  this clade.  The  
p r imary  aphid e n d o s y m b i o n t s ,  Buchnera aphidicola 
[14], were  firmly placed in a c lade pa raphy le t i c  to 
the Enterobacteriaceae as indicated by  a boo t s t r ap  
index of  100. The  inclusion o f  aphid p r imary  endo-  
symbionts  in a monophy le t i c  g roup  o f  the y-3 subdi- 
vision outs ide  the Enterobacteriaceae in our  analy-  
sis is in acco rdance  with p rev ious  findings [15]. 
Ruminobacter amylophilus was  p laced  ances t ra l ly  
to the o ther  member s  o f  the y-3 subdivis ion ana- 
lyzed,  in ag reement  with earlier findings [15]. 

Conclusions  

1. Of  the bacter ial  t axa  examined  in our  analysis ,  
B E V  has the c losest  evo lu t ionary  re la t ionship to a 
bac te r ium in the Enterobacteriaceae re fer red  to as 
the seconda ry  symbio te  o f  the pea  aphid.  This aphid 
is the only aphid in which  this bac t e r ium has been  
de tec ted  (unlike B. aphidicola, which  has been  
found  in all aphids examined  to date  [15]). 

2. This finding is o f  interest  in v iew o f  the fact  
that  the pea  aphid and E. variegatus are bo th  mem-  
bers o f  the insect  order  H o m o p t e r a ,  and bo th  bacte-  
ria are p resumab ly  res t r ic ted  in their  hos t - spec ies  
range. These  two h o m o p t e r a n  symbio tes  are p roba-  
bly distinct species,  as indicated by  only  88% homol-  
ogy of  nucleot ides  in their 16S r D N A s  [6] (Fig. 1). 

3. Fu ture  efforts to de te rmine  the  phy logene t i c  
affiliation o f  the symbio t ic  bac te r ia  o f  o the r  leafhop-  
pers and related h o m o p t e r a n s  [2, 10, 24] should  re- 
veal  whe the r  these bac te r ia  cons t i tu te  a c o h e r e n t  
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Ap~um S 18S rDNAF:ATC~;CTC-'~-G ATTC, A%CGCT GC-CC~C~C CT.m,.~C.ACATa 
f_ "~'i~ ~ FATC,(;CTCJ%G &TT~CGCT ~CA~;C c'r~cJ~C.ATG 

gEV 1 ~  rDNA ~TGC~&ACTGA GACACGGTCC AGACTCCTAC ~GGAGGCAGC AGTGGGGAATATTGCACAAT GGGC~AAGC CTGATGCAGC ~TGCCGCG~ 
~.~N~um S I~ ~)NAFTGGAACTGA GACACGGTCC &GACTCCTAC GGGAC.GCAGC &6"TGGGGAATATTGCACAAT GGC, C~AA~C CTGATC~AGC ~AT~CCGCGT 

~mV I~6~ M)NA FTGGAACTGA GACACGGTCC AGACTCCTAC GGGAGGCAGC AGTGGGGAATATT~CACAAT GGGC~AAGC eTGATGCAGC ~ATGCCGCGT 

* ~  s ~m ,ONA~C~CT~M~ ~G~W~ Cn~C~C~ F ~ ~ . ~ ~ C ~  FFC~cG~ ~^qT~c~c~ ~.A~c^cc~. ~c~c~cc( 
e ~ , , ~  m~A F~9~G ~='~a~Fl~ c~CA~:~ F B=ATr~-^c~r ~^9:Fc.c~-A ,.C.~C.CACC~ C.CT,,~:~CC, 

I~:V 1~, ~ ~TGCCAGCAGC CGCGGTAATA CGCT, AGC, CTGC 
A~U~M $1~ I~NAFGCC-AC, CAGC CGCGGTAATA CGGAGGGTGC 

A~u~ S 1~ I'DNA]GC-'CTF~ACCT ~GC~=TC, C ATFT~D~ACT C,(~[A~CT~ Ag~.CGTAC, AGG~GGTA~ AATT(~AGGT ~TAGCC, GTGA 

BEV I~S IONA ~ ~ ~ C G A A A G C G T G G  GGAGCAJ4ACA GGATTAGATA 

Ap=um $ 1 ~  rDNA ~AAC~4TGTCG ~F[YTGaAGGT FCC, ACCGCCT ~(~,GTAC 
~. ,"~'~, 'I6S ?'DNA [AACGJ~.TGTCG .~TTGGAGGT FCGACCGCC'T ~_,,,,~GTAC 

A.p~su= S 'i~S rDNAp.ATGJ~TTC, A CGC,,C,~:C~C '-~CAAGCGGT GGAC-CATGTG GT'rl/~TTCGATGCAACGcG ,~J~ACCTTA r'C~;CTC'CTTG 
E. ~:~ 16S rDNA ~AT~TTGA CGGG~_~G ~ACAAGCGST GGAGCATGT c GTTTAATTCGATGCAAC~CG AJ~A:CTTA eC~TCTTG 

BEV 16S f~NA ~'~;CTTTA ~ ~ . G A G  ACAGGTGCTG CATGGCTGTCGTCAGCTCG': GTTGTGAAAT GTTGGGTTAA 
A.O~eu."~ $ 165 ~e~A~'.,~C,.A.A pTG~CTTC~ GA~CFC~FGAC-- AC.A~TGCTG C..m.TGGCTGTCGTC.m, GCTrCT OTTOTGAKAT G'YTGGGTTAA 
E. ~ I~ rDNA ~}~.I~-'.AC-.~.A.T ~TTCC, G r:-A~ZGFGAG ACAGGTGCTG CATGGCTGTCG'TCAGCTCGT GTTGTC,2mJ%AT G'TTGr.~3TT~%m. 

- 

A,pSum$ I~ ~AFTTA:~"-FC F GTTGCCAC, CG ~TT~,cGc~r:-: F-,AACTC.~.":. GAC.~CTGCC~.'!~TAAAC F pr.,AC,~AAGCT ~C,~Af~.~%CG 

~.~u,~ S ~ ~ON~FCa',Fq~.,~;Gc TACA:ACC~TG CZ~C~T~ F T~.TACA~G AC, XA~C:~U~TC~GC{9~C AAGC:~p~:C~ CA~U~Ar-~I,A 
E. ~ 1~ ~NA ~C-GC, C TACAC.AC~TG CTACAATG T ~ATAr'A,~C, AG-~=~CCTC~C~C KAC~IA:CT CATAAAG"I]S: 

A~pmum S 1~ fONA CFG~CTCG ACTCCAp~AA GTC~TCG CTAG'TAATCG ~F..,ATCAG~ TC~C}ACGGTG AATACGTTCC C~GCCTTG." 
E. ~ I~ M~NA 9~GC~J4CTCG ACTCCA~AA GTCGGAATCG CTAGTAATCG TFF, ATCAGAA T~ACGGTG AATACGTTCC CGGGCCTTGT 

BEV IBS rDNA FC, C, GAGTGGG TTC, CAA~A~,A i ~  - - - ( ~ G  CGCTTACCAC TTTGTGATTC ATGACTG,~GG 
A.p~um $ I~ a)N~FGGGm.'GGG TTC, CAAAAGA AAA~IGGCGCTTACCAC TTTGTGATTC ATGACTGGGG 
E ~ I ~  ~)NA FGGGAGTGGG TTGCAAAA.'=A ---~K~.~.~GC~.T.TTACCAC TTTGTGATTC ATGACTGGGG 

A.p~um S Ir162 fONA ]CGTAGGGC~ 

C..AAA TCC~L'G 
GAJ~TCCCF'A 
GAAATCCCFG 

A~TGCGTAGA 
AAT~CGTAGA 
~T~C~TAC,,A 

CC CTC,~ TA~- T 
:c=='r^~': c,-,T ~ .L . .  ~ 

GG CC C'CAAr:G 
GGCCGCAAGG 
GGCCGCAAGG 

A~Tcc~:~ U F F F - : ~  

GTCCCGCAA'C ~CGC.I~C~ 
GTCCCGCAAC GAGCGCAAC 
GTCCCGCAAC C,A~CGCAAC~ 

TCAAGTCATC ATC.GCCCTT~ 
TCAAGTCATC ATGGCCCTT~ 
TCAAGTCATC ATGGCCCTT~ 

. CGTAGTCC 
CGTA~TCC 
CGTAGTCC 

ACACACCGCC CGTCACACC~ 
ACACACCGCC CGTCACA2C~ 
ACACACCGCC CGTCACACC~ 

TGAA~T CGTA ACAAG~TAA~ 
TGAA3TCGTA ACAA~GTAA~ 
TGAA~TCGTA ACAA~ ~TAA ~ 

Fig. 1. Alignment of 1498 bp portion of the 16S rDNA (amplified by PCR) from BEV, a bacterial symbiote of the leafhopperEuscelidius 
uariegatus, to the 16S rDNAs of the secondary symbiote of the aphid, Acyrthosiphon pisum (nucleotides 18-1522) and Escherichia coli 
(nucleotides 18-1516), ]Boxes indicate positions of nucleotide homology in all three bacteria. Each full line of sequence consists of 100 
bases. 
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Fig. 2. Phylogenetic tree showing evolutionary affiliation of BEV within the Enterobacteriaceae. The tree was generated by phylogenetic 
analysis of 16S rDNAs on the basis of maximum parsimony by use of the consensus of 50% majority-rule of 100 bootstrap replicates. 
Indices in parentheses indicate bootstrap confidence levels for particular nodes; numbers not in parentheses are branch lengths. Bacteria 
include representatives of the y-3 subdivision except for Wolbachia persica. Underlined bacteria are those which have a symbiotic 
relationship with various arthropods. The bacteria are abbreviated as follows: Anas (Arsenophonus nasoniae), Pvul (Proteus vulgaris), 
Sory (symbiote of Sitophilus oryzae), Szea P (primary symbiote of Sitophilus zeamais), Szea S (secondary symbiote of Sitophilus 
zeamais), BEV (symbiote of Euscelidius variegatus), Acpi S (secondary symbiote of Acyrthosiphon pisum), Ecol (Escherichia colt), 
Sgra (symbiote of Schizaphis graminum), Aepi P (primary symbiote of Acyrthosiphon pisum), Ramy (Ruminobacter amylophilus), and 
Wper (Wolbachia persica, outgroup). Tree length = 734 steps; consistency index = 0.619; f-ratio = 0.21. 

phylogenetic assemblage, which includes BEV and 
the secondary symbiote of the pea aphid. 
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